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ABSTRACT 


\ 

.This  report  presents  the  results  of  an  experimental  study 
of  the  hydrodynamic  mass  and  hydrodynamic  mass  moment  of  inertia 
of  submerged  bodies.  Hydrodynamic  mass  and  damping  force  data 
were  obtained  for  three  "Towed  body*"  shapes  translating  in  the 
direction  of  towing  and  perpendicular  to  the  direction  of  towing. 
Hydrodynamic  mass  moment  of  inertia  data  were  obtained  for  a 
prolate  spheroid  rotating  about  its  minor  axis. 

The  data  for  the  bodies  translating  in  a direction  perpen- 
dicular to  the  towing  direction  show  that  the  hydrodynamic  mass 
decreases  almost  linearly  with  increasing  frequency.  Tests  run 
at  constant  frequency  show  that  a minimum  point  occurs  in  the 
hydrodynamic  mass-amplitude  curve.  The  amplitude  at  which  the 
minimum  occurs  is  a function  of  the  body  streamlining  in  the: 
direction  of  motion.  The  data  for  the  bodies  translating  in  the 
towing  direction  were  widely  scattered;  hence,  only  average 
values  are  given. 

The  hydrodynamic  mass  moment  of  inertia  data  was  obtained 
by  the  natural  frequency  method.  Further  study  is  being  con- 
ducted to  determine  the  frequency  ami  amplitude  dependence 
for  the  towed  body  shapes. 
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INTHOUUC.T ] ON 

Ibis  report,  presents  Liu;  results  of'  an  experimental 
"*udy  of  the  hydrodynamic  mass  and  hydrodynamic  mass  moment 
o I inertia  ol  submerged  bodies.  Tire  work  is  a continuation 
of  that  reported  in  reference  ( 1 ) . * Hydrodynamic  mass  data 
are  presented  for  "towed  body"  shapes  moving  in  translation 
in  Lire  direction  of  towing  and  perpendicular  to  the  direction 
of  towing.  Hydrodynamic  mass  moments  01  inertia  were 
obtained  for  a prolate  spheroid  osci I Jating  about  its 
minor  axis. 

the  purpose  of  tire  investigation  was  to  determine  the 
effect  o f frequency  and  amp  I itude  of  osci  1 I at  ion  on  the 
hydrodynamic  mass  of  a body.  The  results  are  presenter! 
in  the  form  of  dimensionless  plots.  The  complete  data  are 
on  f i le  in  the  Department  of  Mechanical.  Engineering  of  the 
University  of  Khode  Island.  A portion  01  the  data  is  also 
avai labl o in  the  wo rk  by  Miller  ( 2 ) . 
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hXI'I'.H  i MKN'I  Al.  INvT.Si  I'.  VI  ION 


A.  1 1 y » J fijily  nam  i < Ma.^s 

the  hy'drody  nam  i e mat?!-  ila  la  I m I.  hi:  bodies  moving'  in 
I i aiis  I at  ion  hiii'  o h t.  a i ncd  by  usinj;  the  forced  osi  j I I a t i on 
method.  In  this  method  the  test,  body  is  mounted  as  the 

mass  jn  s i m 1 1 l e s p r i ng - ma  s system  and  t it  e system  is 

di i ven  at  a given  i requouey  and  amplitude.  A sehematin 
diagram  of  the  apparatus  is  shown  in  !•  i g . I I lie  forcet 
a ( ting  on  the  test  body  are  related  to  each  other  as  shown, 
in  the  vector  diagram  below.  (See  reference  } . ) The 
acceleration  and  the  force  were  simultaneously  recorded 


wh i le  the  immersed  body  was  being  driven  at  a given  If e- 
uuonr  y OU  . ( tom  this  record  the  phase  angle  <p  was  deter- 
miner! With  the  total  force,  acceleration,  and  phase  angle 

known  the  hydrodynamic  mass  and  the  damping  coefficient  wen 
ca  1 r u I a t. ed  ( i ) . 


SCHEMATIC  OF  APPARATUS  USED  IN 
DRIVEN,  DAMPED  SYSTEM  EXPERIMENTS 


A photograph  of  the  apparatus  is  shown  in  f ig . 2. 

Design  details  axe  available  in  reference  (2).  The  drive 
as.-embly  consisted  of  a three-quarter  horsepower  motor  con- 
nected through  a single  V-belt  to  a Graham  variable  speed 
transmission.  The  motor  and  transmission  were  shock  mounterl 
on  a frame  separate  from  the  main  frame.  'I  his  drive  assembl 
allowed  the  test  body  to  be  driven  at  any  frequency  from 
zero  to  3.3  cycles  per  second.  The  T-slot  in  the  < rank  disk 
allowed  any  amplitude  of  oscillation  up  to  live  inches. 

The  force  exerted  on  the  test  body  was  measured  by  a 
dynamometer  consisting  of  two  octagonal  force  rings  i itted 
with  .3R-4  strain  gages  (5)  • A photograph  of  the  f orce 
dynamometer  is  shown  in  Fig.  ') . The  gages  were  connected 
so  that  the  opposite  gages  on  each  force  ring  were  in 
series.  The  1 our  pairs  of  gages  were  then  connected  in  a 
bridge  circuit.  With  the  gages  in  this  configuration,  the 
system  was  within  three  per  cent  of  being  insensitive  to 
bending  moments  and  horizontal  forces.  The  gages  and 
submerged  connections  were  waterproofed  by  a liberal  coating 
of  a rubber-like  epoxy  resin. 

An  accelerometer  (Servonic  Instruments,  Inc. , type 
111.002)  with  a +lg  range  was  attached  to  the  drive  shaft 
above  the  upper  guide  bearing.  While  the  accelerometer  was 
not  used  to  determine  the  magnitude  of  acceleration,  it  was 
necessary  to  record  the  accelerometer  output  in  order  to 
determine  the  {joints  of  zero  acceleration.  The  magnitude 
of  the  acceleration  was  calculated  from  the  kinematic 
relationship  among  the  crank  radius,  the  connecting  rod 
length,  and  the  angular  velocity  of  the  crank  disk  (6). 

The  outputs  from  the  accelerometer  and  the  dynamometer 
were  recorded  by  a Massa,  Model  BSA-260a  two  channel 
recorder.  a photograph  of  the  accelerometer,  force  dynamo- 
meter, and  recorder  are  shown  in  Fig.  4.  A diagram  of  the 
instrumentation  configuration  is  shown  in  fig.  5- 


FIGURE  2 

APPARATUS  USED  IN  DRIVEN, 

DAMPED  SYSTEM  EXPERIMENTS 
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FIGURE  k 

ACCELEROMETER,  RECORDER,  AND  FORCE  DYNAMOMETER 


FIGVR*  3 

SCHEJ1ATIC  DIAGRAM  OF  IN S TRUMENT AT IOM 


B.  Hydrodynamic  Mass  Moment  of  Inertia 

The  hydrodynamic  mass  moment  of  inertia  for  the  bodies 
moving  in  rotation  was  determined  by  the  natural  frequency 
method.  In  this  method  the  test  body  is  mounted  as  the  mas 
in  a torsional  spring-mass  system.  A schematic  diagram  of 
the  apparatus  is  shown  in  Fig.  6.  If  this  system  is  driven 
at  its  natural  frequency  the  torques  acting  on  the  test 
body  are  related  as  shown  in  the  vector  diagram  below. 


Spring  Torque 


At  resonance  the  driving  torque  balances  the  torsional 
damping  force  and  the  spring  torque  balances  the  so-called 
inertia  torque.  From  the  spring  torque-inertia  torque 
equality  the  hydrodynamic  mass  moment  of  inertia  was  calcu- 
lated and  from  the  driving  torque-damping  force  equality 
the  damping  coefficient  was  calculated. 

The  apparatus  shown  in  Fig.  2 was  modified  to  allow 
the  test  body  to  be  rotated.  A photograph  of  the  modifica- 
tion is  shown  in  Fig  7-  The  change  from  the  translation 
configuration  of  Fig.  2 to  the  rotation  conf iguration  of 
Fig.  7 can  be  made  in  a few  minutes. 
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FIGURE  7 
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C.  Test  Bodies 

Four  test  bodies  were  used.  All  were  constructed  of 
soft  pine  wood.  Drawings  and  photographs  of  the  three 
"towed  body"  shapes  are  shown  in  Figs.  8 through  13.  The 
fourth  body  was  a prolate  spheroid  with  a major  axis  to 
minor  axis  ratio  of  two.  These  same  bodies  were  used  in 
the  work  reported  in  references  (l)  and  (7). 


WINGED  BODY 


TEST  RESULTS 

The  test  results  are  presented  in  the  form  of  dimen- 
s ion less  plots. 

A.  Hydrodynamic  Mass  Data 

If  the  hydrodynamic  mass  is  considered  to  be  a function 
of  the  frequency  and  amplitude  of  oscillation  of  the  body', 
a characteristic  dimension  of  the  body,  and  the  density  and 
viscosity  of  the  fluid  in  which  the  body  is  oscillating,  a 
dimensional  analysis  yields  the  following  dimensionless 
groups : 

v mh  COl2fi  l 

' f>0  ’ ’ A 

This  first  of  these  groups  is  denoted  by'  K and  is  called  the 
hydrodynamic  mass  factor.  The  second  group  is  a form  of 
Reynolds'  number,  and  the  third  group  is  a length-amplitude 
ratio.  The  results  are  given  as  plots  of  K vs.  6t>l  2/°^ 
with  a curve  for  each  value  of  1/A.  For  the  three  bodies 
used  the  hydrodynamic  mass  factor  K was  defined  as  shown  in 
Fig.  14 . 

The  results  for  the  towed  body  shapes  translating  in 
a direction  perpendicular  to  the  direction  of  towing  are 
shown  in  Figs  15,  16,  and  17*  (For  a body  being  towed 

horizontally  this  would  be  in  the  vertical  direction.) 

A very  definite  dependence  on  frequency  and  amplitude  is 
shown.  For  a given  body  oscillating  at  a given  length- 
amplitude  ratio  the  hydrodynamic  mass  decreases  almost 
linearly  as  the  frequency  increases.  Tests  run  at  constant 
frequency  showed  that  as  the  amplitude  was  increased  the 
hydrodynamic  mass  decreased,  reached  a minimum,  and  then 
increased.  The  amplitude  at  which  the  minimum  occurred 
appears  to  be  a function  of  the  body  streamlining  in  the 
direction  of  motion.  For  a body  that  is  relatively  flat  in 
the  direction  of  motion  the  minimum  occurs  at  a much  smaller 


amplitude  than  for  a body  that  is  streamlined  in  the  direction 


Kcurrci  ft  tssEfi  co. 


FIGURE  15 


Hydrodvnamic  Mass  Fftctor  Tor  the  Winged  Bod 


FIGURE  16 


Hydrodynamic  Mass  Factor  for  the  Torpedo  Bod 
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of'  motion.  Further  study  with  disks  and  spheres  is  being 
carried  on  in  order  to  clarify  the  appearance  of  this 
mi n imum  point. 

For  motion  of  the  towed  bodies  in  the  direction  of 
towing  the  hydrodynamic  masses  were  small  and  the  data  was 
quite  scattered;  hence  only  average:  values  are  given.  The 
are  given  in  Table  I.  To  more  accurately  determine  values 


TABLE  I 

Hod  y 

Winged  Body 
Torpedo  Shape 
Streamlined  Body 


Average  K 

0.00 ')7 
0,0 'j6 
0. 20 


of  K in  the  direction  of  towing  a more  sensitive  force 
dynamometer  would  be  needed,  and  a more  accurate  way  of 
determining  the  phase  angle  <f>  would  have  to  be  found. 

The  values  of  K for  each  body  were  also  plotted 
against  the  dimensionless  group  CO A/c , in  which  c is  the 
speed  of  sound  in  the  fluid.  All  of  the  data  points,  when 
plotted  in  this  way,  fell  in  a relatively  narrow  band. 
These  plots  are  shown  in  Figs.  18,  19,  and  20. 
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FIGURE  1 8 
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Hydrodynamic  Mass  Factor  lor  the  Torpedo  Body 


FIGURE  20 
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B.  Damping  Force  Data 

If  the  clamping  force  is  considered  to  he  a function  of 
the  same  variables  as  was  the  hydrodynamic  mass  in  the  previous 
section,  a dimensional  analysis  yields  the  following  dimension- 
less groups: 


ail  2f> 


1 

A 


The  results  are  as  plots  of  D/co^ l^o  vs.  col ^^6  with  a 
curve  for  each  value  of  1/A.  For  the  torpedo  body  the  diameter 
was  U3ed  as  the  characteristic  length  and  for  the  streamlined 
body  the  width  was  used.  (See  Fig.  14. ) The  results  for  the 
various  bodies  are  shown  in  Figures  21  through  28.  The  data 
showed  considerable  scatter  at  small  values  of  1/A  and  very 
little  scatter  at  large  values  of  1/A.  The  curves  for  small, 
values  of  1/A  were  drawn  using  those  at  large  values  of  1/A 
as  guides. 
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FIGURE  21 

Damping  for  Winged  Body  in  the  Direction  of  Towing 


FIGURE  23 


FIGURE  24  Damping  for  Torpedo  Perpendicular  to  Direction  of  Towing 
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FIGURE  25  Damping  for  Torpedo  Perpendicular  to  the  Direction  of  Towing 
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FIGURE  28 

Damping  for  Streamlined  Body  Perpendicular  to  Direction  of  Towing 
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C.  Hydrodynamic  Mass  Moment  of  Inertia  Data 

Hydrodyriam  i c mass  moment  of  inertia  datawere  obtained  for 
only  one  body,  a prolate  spheroid  with  a major  axis  of  inches 

and  a minor  axis  of  12  inches.  Only  one  torsional  spring  was 
available  so  values  are  given  for  only  one  frequency  of  osci  I la- 
tlon.  Further  tests  on  the  prolate  spheroid  are  being  performed 
using  tiie  forced  oscillation  method.  These  tests  will  determine 
the  frequency-amplitude  dependence  of  the  hydrodynamic  mass 
moment  of  inertia.  Similar  tests  will  also  be  performed  on 
the  towed  body  shapes.  Tests  will  also  be  run  on  spheres  and 
disks  to  determine  flamping  coefficients.  The  data  are  given 
in  Table  2. 


TABLE 

Natural  frequency 

Angular  displacement 

Hydrodynamic  mass 
moment  of  inertia 

Torsional  damping 
coeffici ent 


2 'j-9  rad/sec 
17.8  degrees 

1.22  in. -lb. -sec2 

7.18  in. -lb.  sec/rad 


IV 

TEST  ACCURACY 

A detailed  error  analysis  of  the  hydrodynami c mass  data 
is  given  in  the  work  by  Miller  (2).  The  largest  source  of 
error  was  in  the  measurement  of  the  magnitude  of  the  force 
and  the  phase  angle  from  the  recorder  paper.  The  data  were 
obtained  over  a frequency  range  of  0 to  20  radians  per  second. 
At  low  frequencies  the  error  in  the  hydrodynamic  mass  is 
+ 17  per  cent;  at  medium  speeds,  + 5 percent;  and  at  high 

speeds,  + 11  percent.  A more  sensitive  force  dynamometer  and 

a more  satisfactory  means  of  measuring  phase  angle  would  a I low 
these  errors  to  be  reduced. 
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